Crops, like most other terrestrial plant species, acquire essential resources they need for growth from soil. To do so, roots need to grow through soil to access water and nutrient pools. Increased mechanical impedance, which can be caused by compacted soil layers or soil drying, is the major limitation to root elongation and, hence, adversely affects soil exploration and resource uptake (Masle and Passioura, 1987; Materechera et al., 1992; Bengough et al., 2006 Bengough et al., , 2011 Kautz et al., 2013) . Under increased soil strength, roots need to exert higher forces in order to penetrate soil successfully. This leads to higher penetration stresses; therefore, root growth and soil exploration require more energy when soil strength is increased (Atwell, 1990b; Bengough et al., 2011; Ruiz et al., 2015 Ruiz et al., , 2016 . When soil mechanical impedance is increased, root elongation rate decreases within hours and may cease entirely, leading to significant yield losses (Bengough and Mullins, 1991; Young et al., 1997; Valentine et al., 2012) . The integration of functional root traits, which enable resource acquisition at minimum energetic costs, into breeding programs is a promising approach to improve agricultural productivity under limited soil fertility (Bishopp and Lynch, 2015) . Soil penetration mechanics needs to be combined with investigations of the root phenotype in order to identify functional root properties enabling an efficient exploration of high-strength soil.
Plants use different strategies to overcome the limitations imposed by increased soil strength on root growth and crop productivity. Barley (Hordeum vulgare) and wheat (Triticum aestivum) have been found to preferentially increase the extension of their root systems into loose compartments of the soil when other compartments are compacted (Bingham and Bengough, 2003) . Furthermore, roots of different cereals, maize (Zea mays) and soybean (Glycine max), have been shown to use natural or artificial macropores as pathways of least resistance in compacted soil or dense subsoils (Stirzaker et al., 1996; White and Kirkegaard, 2010; Colombi et al., 2017) . Compensatory root growth into loose compartments and the use of macropores in soils of high strength were found to be beneficial for shoot growth compared with uniformly compacted soil (Stirzaker et al., 1996; Bingham and Bengough, 2003; Colombi et al., 2017) . However, to ensure adequate root-soil contact, which is required for the uptake of plant nutrients (Stirzaker et al., 1996; Tracy et al., 2011) , roots need to grow into bulk soil.
Root thickening is one of the most common responses of roots when growing through soil with higher mechanical impedance. This adjustment of roots to increased soil strength reduces the risk of root buckling and decreases the mechanical stress acting on the root during penetration (Materechera et al., 1992; Kirby and Bengough, 2002; Chimungu et al., 2015) . Root thickening in response to increased soil strength has been observed in a wide range of species under field and laboratory conditions and often coincides with increased cortical area (Atwell, 1990a; Materechera et al., 1992; Grzesiak et al., 2013; Siczek et al., 2013; Chen et al., 2014; Hernandez-Ramirez et al., 2014; Colombi and Walter, 2016) . Since root thickening decreases penetration stress and stabilizes roots, thick roots are likely to be an advantage in soils with increased mechanical impedance (Materechera et al., 1992; Kirby and Bengough, 2002; Chimungu et al., 2015) . A recent study showed that the genotypic cortical thickness in maize is related to bending strength and, hence, to the risk of root buckling (Chimungu et al., 2015) . As a consequence of the increased volume-to-length ratio in thicker roots, plants need to invest more resources into soil exploration when soil strength increases (Atwell, 1990b) . Cell turnover and cell detachment rates at the root cap were reported to increase when soil is compacted (Iijima et al., 2003a) , which further increases the metabolic costs of root growth and resource acquisition. These cells, which are released from the root cap into the rhizosphere, act together with mucilage as a lubricant, reducing the interfacial friction between the growing root tip and the soil (Bengough and McKenzie, 1997; McKenzie et al., 2013) .
There is evidence that the penetrability of soil is influenced not only by the diameter of the root but also by the geometry of the root tip. Model predictions have shown that the stress experienced by a growing root is concentrated around the root tip (Kirby and Bengough, 2002) . Simulations of stress field distributions around cones inserted into soil show that this distribution changes with changing cone geometry. For cones with an acute opening angle, the stress field is distributed around the cone, whereas for blunt cones, the stress field is located at the cone forefront (Ruiz et al., 2016) . Similar results were obtained when comparing local soil compaction that was induced by growing roots between maize roots lacking an intact cap and maize roots with a cap (Vollsnes et al., 2010) . These findings can be related to the form of cavity expansion and the soil deformation pattern. Blunting of a root tip or a cone leads to a shift from a rather cylindrical to a more spherical deformation pattern, which causes penetration forces and stresses to increase (Greacen et al., 1968) . This increase has been shown to happen when root tips are blunted due to the removal of the root cap (Iijima et al., 2003b) . Furthermore, the lack of a root cap results in decreased root elongation rates in comparison with roots with an intact cap (Iijima et al., 2003b; Vollsnes et al., 2010) . The forces and stresses that occur at a root tip during soil penetration can be measured directly in soil (Iijima et al., 2003b) or in free air and nutrient solutions (Misra et al., 1986; Bengough and Kirby, 1999; Azam et al., 2013; Bizet et al., 2016) . As an alternative, cone penetrometer measurements combined with quantifications of root tip and cone geometry can be used to calculate root tip penetration forces and stresses (McKenzie et al., 2013) . Despite the available information, mechanical processes governing root elongation are still poorly understood (Bengough et al., 2011) . Thus, conclusive information about root traits that may improve soil penetrability, resource acquisition, and crop productivity when soil strength is increased is missing.
The aims of this study were (1) to quantify whether and how the genotypic diversity of root tip geometry and root diameter are related to root elongation rate in soil of different strengths and (2) to quantify adjustments in root tip properties, root morphology, and root anatomy to increased mechanical impedance. This information was then used to (3) discuss the mechanical and physiological implications of the observed genotypic differences and phenotypic adjustments to increased soil strength. Experiments were performed with 14 winter wheat cultivars in soil columns with bulk densities of 1.3, 1.45, and 1.6 g cm 23 , representing loose, moderately, and severely compacted soil, respectively. Root tip geometry, morphology, and elongation rate in 2-d-old seedlings were quantified from high-resolution flatbed scans. Combining this information with cone penetrometer tests enabled root penetration forces and stresses occurring during growth to be calculated. Furthermore, root morphology and anatomy were quantified in embryonic and postembryonic roots of 23-d-old plants.
RESULTS
The axial penetration force obtained from cone penetrometer measurements (semiapex angle, 30°; base radius, 2.5 mm) at 2100 hPa matric potential was 6.7 N (SE = 0.8), 8.7 N (SE = 0.3), and 20.9 N (SE = 2.1) for soil bulk densities of 1.3, 1.45, and 1.6 g cm 23 , respectively (n = 4). Thus, mechanical impedance calculated for the cone penetrometer was 0.34 MPa (SE = 0.04), 0.44 MPa (SE = 0.01), and 1.06 MPa (SE = 0.1) under low, moderate, and high soil bulk density, respectively. mechanical impedance resulted in reduced root length and root volume. The root elongation rate decreased by 40% and 64% under moderate and high soil bulk density, respectively, compared with roots grown in low-density soil (Table I) . Root volume also decreased significantly, but the decrease was smaller than that in length, because root diameter increased with increasing soil mechanical impedance. Root shaft diameter, which was determined as the mean of three random diameter measurements along the root, increased with soil strength. Increases in soil bulk density from 1.3 to 1.45 and to 1.6 g cm 23 resulted in increases in root diameter of 16% and 44%, respectively ( Table I ). The geometry of the root tip was determined from high-resolution flatbed scans with a pixel edge length of 0.1 mm using an automated image-processing tool (Fig. 1) . These scans showed that the radius and the length of the root tip increased significantly under high soil strength compared with low and moderate soil strength ( Table I ). The shape of the root tip was quantified as the inverse of the shape factor for a cone (Eq. 11) or half spheroid (Eq. 12), respectively. Both factors were calculated using information on root tip radius and length. Despite the effects of soil strength on the size of the root tip, the geometry of the root tip was not affected significantly by increasing soil mechanical impedance (Table I) .
Apart from the radius and the area at the base of the root tip, root properties determined in 2-d-old seedlings were influenced significantly by genotype. Genotypic differences were observed for root elongation rate (Supplemental Fig. S1 ) and root volume as well as root tip length and root shaft diameter (Table I) . Particularly under high soil bulk density (1.6 g cm 23 ), significant genotypic diversity was observed for root tip geometry (Supplemental Fig. S1 ). To assess the genotypic variability among the cultivars, broad-sense mean-based heritability (Eq. 13) was calculated. Heritability estimations of 51%, 57%, and 80% were obtained for root tip geometry, root diameter, and elongation rate, respectively, indicating considerable genotypic variability among the assessed cultivars (Supplemental Table S1 ). Analysis of covariance models applied on treatment level mean values showed that root tip geometry significantly affected root elongation rate, whereas for root diameter this was not observed (Table II) .
Influence of Root Tip Geometry and Root Diameter on Root Elongation Rate
As indicated by the results obtained from analysis of covariance (Table II) , root tip geometry was related to root elongation rate. The genotypic diversity of root tip geometry resulted in different root elongation rates, an effect that was particularly pronounced under high soil bulk density (Fig. 2) . Root tip radius-to-length ratio, which was used to calculate the inverted shape factor of the conical and spheroid tip geometry (Eqs. 11 and 12), was negatively correlated to root elongation rate (R 2 = 0.42, P , 0.05) in the soil with bulk density of 1.6 g cm 23 .
A similar relationship was observed under moderately increased soil bulk density (1.45 g cm 23 ), whereas under low soil bulk density (1.3 g cm 23 ), root tip geometry was not related to root elongation rate (Fig. 3) . Despite significant genotypic effects on root diameter (Table I) , no significant correlation between root elongation rate and root diameter could be observed under any of the soil bulk densities tested (Fig. 3) . Similar to root elongation rate, root volume was negatively correlated (R 2 = 0.44, P , 0.01) with root tip radius-to-length ratio under high soil bulk density (Supplemental Fig. S2 ). These results strongly suggest that the shape of the root tip is a better predictor than root diameter for genotypic root elongation rate under increased soil strength. Seed dry weight, which was determined as a measure of initial energy reserves, was Asterisks denote significant effects at P , 0.05 (*) and P , 0.01 (**); n.s. denotes nonsignificant effects (n = 6). Different letters indicate significant differences between different soil bulk densities using Tukey's honestly significant difference test at P , 0.05. iSF, Inverse of cone (r root tip /l root tip ) and spheroid shape factor (2r root tip /pl root tip ); r root tip , radius at the base of a root tip, l root tip , length of a root tip. not correlated to root elongation rate, root volume, or root diameter (Supplemental Fig. S3 ).
Relating Root Penetration Forces and Stresses to Root Elongation Rate and Root Diameter
Combining cone penetrometer measurements with information about the geometry of the cone and the root tips permitted the calculation of penetration forces (Eqs. 6 and 8) and stresses (Eqs. 9 and 10) occurring at the root tip during root elongation. Penetration forces and stresses are known to be influenced by the geometry of the tip and the resulting soil deformation field around the root tip. To account for the differences in tip geometry between the steel cone and the roots and between the roots of different genotypes (Table I; Supplemental Fig. S1 ), we introduced a geometry factor (GF; Eqs. 11 and 12). The values for GF ranged from 0.33 to 0.48 if root tips were assumed to have a conical shape and from 0.21 to 0.3 if root tips were assumed to have a spheroid shape (Supplemental Table S2 ). Calculated penetration forces ranged between 19 and 143 mN under the assumption of a conically shaped root tip and from 14 to 105 mN for a spheroid tip shape. The resulting root tip penetration stresses were between 91 and 368 kPa and between 69 and 270 kPa for conical and spheroid tip geometry, respectively (Supplemental Table S3 ). Calculated genotype mean penetration stresses were significantly related to root elongation rate under high (R 2 = 0.42, P , 0.05) and moderate (R 2 = 0.29, P , 0.05) soil strength. Lower root tip penetration stress resulted in increased root elongation rate under high and moderate soil strength, whereas under low soil bulk density, no such correlation was observed (Fig. 4) . It is worth mentioning that these relationships changed when the differences in tip geometry and, hence, the form of the cavity were not taken into account. The exclusion of GF in the calculations of penetration stresses resulted in positive correlations between root tip penetration stress and the root elongation rate (Fig. 4) . Furthermore, root tip and root shaft diameter was not related significantly to root tip penetration stress under any of the assessed levels of soil strength (Supplemental Fig. S4 ).
Figure 5 presents root elongation rate and root shaft diameter as functions of calculated penetration forces exerted by roots while elongating in soil. Axial root tip penetration force was related to root elongation rate following a negative power law function (R 2 = 0.75) for Numbers indicate F values. Asterisks denote significant effects at P , 0.05 (*) and P , 0.01 (**); n.s. denotes nonsignificant effects. iSF, Inverse of cone (r root tip /l root tip ) and spheroid shape factor (2r root tip / pl root tip ); r root tip , radius at the base of a root tip; l root tip , length of a root tip; dm root , root diameter. Figure 1 . Image processing and determination of root tip geometry using Root Scan Tip Analysis (ROSTA) software. A, Area of interest containing a root tip with a pixel edge length of ;0.01 mm. B, Segmented root tip and contour. C, Refinement of the contour using active fitting. D, Fitting of the ellipse on the refined root tip boundary and determination of root tip radius and length. E, Schematic representation of different force components used to calculate total axial force exerted by the root tip during elongation in soil.
both conical (Eqs. 6 and 10) and spheroid (Eqs. 8 and 11) tip shape. An exponential function, which asymptotically approached an upper limit, was used to relate root shaft diameter and root tip penetration force (R 2 = 0.90). For both tip geometries assumed, this upper limit was at a root diameter of 0.78 mm (Fig. 5) , suggesting that adjustment to increased soil strength in the form of root thickening is limited. The same relationships between root tip penetration force and root elongation rate and root diameter, respectively, were obtained when GF was excluded from the calculations (Supplemental Fig. S5 ).
Effects of Soil Mechanical Impedance and Genotype on Root Anatomy
In embryonic and postembryonic roots of 23-d-old plants, root cross-sectional area, the area of the stele and the root cortex, as well as the cortical cell file number were affected significantly by genotype (Table III) . Remarkably, the observed root anatomical responses to increased soil strength were not always consistent between embryonic and postembryonic roots. In embryonic roots, the cross-sectional area increased from 0.12 mm 2 under low soil bulk density to 0.19 mm 2 under moderate soil bulk density and to 0.47 mm 2 under high soil bulk density. In postembryonic roots, this response was much less pronounced, and no significant difference was observed between roots grown under moderate and high bulk density (Fig. 6) . The average root cross-sectional area under high soil bulk density corresponded to calculated root diameters of 0.77 and 0.74 mm in embryonic and postembryonic roots, respectively (Table III) . These values coincided well with the upper limit of 0.78 mm, to which root diameters of 2-d-old seedlings asymptotically converged with increasing penetration force (Fig. 5) . Similar results were obtained for root cortical area and cortical cell file number, both of which increased in embryonic roots with increasing soil mechanical impedance. In postembryonic roots, however, cortical area was less affected and cell file number remained unaffected by soil bulk density (Table III) . The stele cross-sectional area of embryonic roots increased due to soil compaction, whereas in postembryonic roots, the stele area decreased in response to compaction (Table III) .
Consistent responses to increased soil strength between both root classes were observed for root cortex aerenchyma and cortical cell diameter. In embryonic roots, the percentage of the root cortex occupied with aerenchyma was several orders of magnitude higher under moderate and high soil bulk density when compared with roots from the low bulk density treatment. In particular, under high soil bulk density, aerenchyma formation in embryonic roots was far advanced. Hence, the quantified response also could have resulted from cortical senescence (Fig. 7) . No difference in the proportion of aerenchyma within the cortex of postembryonic roots was observed between different levels of soil bulk density. The area of root cortex aerenchyma increased significantly in response to increased soil strength in both root classes (Table III) . Cortical cell diameter increased in response to increased soil bulk density (Fig. 6 ) and coincided, particularly under high bulk density, with increasing root cross-sectional area (Fig. 7) . Linear regressions Figure 3 . Influence of root tip geometry and root diameter on root elongation rate determined in 14 wheat genotypes (n = 6). Linear regressions are shown between root elongation rate and inverse shape factor (iSF; calculated using root tip radius [r] and length [l]) of a cone (A) and a spheroid (B) geometry and root diameter (C). Black, orange, and red symbols represent soil bulk density of 1.3, 1.45, and 1.6 g cm 23 , respectively.
Asterisks denote significant regression at P , 0.05. between root cross-sectional area and cortical cell diameter showed that root thickening in response to increased soil strength was related to increased cortical cell diameter in both embryonic (R 2 = 0.95, P , 0.01) and postembryonic (R 2 = 0.35, P , 0.01) roots (Fig. 6 ). Despite the differences between different root classes, these results showed that root morphological adjustments to soil compaction in the form of root thickening coincided with increased cortical cell diameter and an accelerated formation of cortical aerenchyma.
DISCUSSION
The quantification of root traits in 14 wheat genotypes allowed the identification of functional root traits that determine genotypic root elongation rates under increased soil strength. Furthermore, it proved possible Figure 4 . Linear regressions between root tip penetration stress (S) and root elongation rate determined in 14 wheat genotypes (n = 6) for conical (A) and spheroid (B) root tip geometry. Penetration stresses were calculated excluding (triangles) or including (squares) GFs (Eqs. 11 and 12). Black, orange, and red symbols represent soil bulk density of 1.3, 1.45, and 1.6 g cm
23
, respectively. Asterisks denote significant regression at P , 0.05. Asterisks denote significant effects at P , 0.05 (*) and P , 0.01 (**); n.s. denotes nonsignificant effects (n = 4). Different letters indicate significant differences between levels of soil strength using Tukey's honestly significant difference test at P , 0.05. RCA, Root cortex aerenchyma.
to show how and to what extent roots may adjust to increased mechanical impedance with respect to root tip properties, root morphology, and anatomy. Combining this phenotypic information with calculated penetration forces and stresses revealed mechanical and physiological implications of genotypic differences and root phenotypic adjustments to increased soil strength.
The root elongation rate decreased with increasing soil bulk density (Table I) , which is in agreement with previous findings (Atwell, 1990a; Bengough and Mullins, 1991; Young et al., 1997; Jin et al., 2013; Colombi and Walter, 2016) . However, while the root elongation rate decreased with increasing soil strength in all genotypes assessed, the magnitude of this response differed significantly between genotypes (Table I ). Significant genotypic differences and considerable degrees of heritability were observed for root elongation rate, root diameter, and root tip shape and size (Table I; Supplemental Table S1 ). Under high soil bulk density (1.6 g cm 23 ) in particular, but also under moderate soil bulk density (1.45 g cm 23 ), it was observed that genotypic root elongation rate correlated with root tip shape. Roots of genotypes with a small root tip radius-to-length ratio elongated faster in soil with high and moderate soil bulk density compared with roots of genotypes with a rather large root tip radius-to-length ratio (Fig. 3) . Similar results have been reported for root cap removal, which results in blunted root tips, on root elongation in maize (Iijima et al., 2003b; Vollsnes et al., 2010) . This effect of root tip geometry on root elongation rates could be attributed to the distribution of local soil compaction around the root tip induced by the growing root. The lack of an intact root cap resulted in increased penetration stress (Iijima et al., 2003b) due to increased soil compaction Figure 5 . Root elongation rate (A-C) and diameter (D-F) of 14 wheat genotypes (n = 6) grown at soil bulk densities of 1.3 (black), 1.45 (orange), and 1.6 (red) g cm 23 . A and D, Cone mechanical impedance was obtained from penetrometer measurements. B, C, E, and F, Root tip radial force for conical (B and E) and spheroid (C and F) geometry was calculated according to Equations 11 and 12. Asterisks denote significant regression coefficients at P , 0.05 (*) and P , 0.01 (**).
at the tip forefront rather than around the tip, as observed for roots with intact caps (Vollsnes et al., 2010) . Theoretical considerations showed that a smaller tip radius-to-length ratio causes a shift in the form of cavity expansion from a more spherical to a rather cylindrical deformation field (Greacen et al., 1968; Ruiz et al., 2016) . Moreover, Ruiz et al. (2016) found that differences between measured and modeled penetration stress in cone penetrometer experiments are influenced by the cone geometry. Bengough et al. (2016) found that root hairs may support root penetration by anchoring the root to the surrounding soil. Hence, there might be synergistic effects between root tip geometry and the abundance of root hairs that further influence root elongation in high-strength soils. Based on the observed correlations between root tip shape and root elongation rate, a factor (GF; Eqs. 11 and 12) was introduced in this study to account for the influence of genotypic differences in root tip geometry on the form of cavity expansion. It was shown that decreased penetration stress caused by a smaller root tip radius-to-length ratio (Eqs. 11 and 12) resulted in an increased elongation rate under high and moderate soil bulk density (Fig. 4) . Inclusion of the GF resulted in penetration forces and stresses that were between 25% and 44% of the values calculated without the GF (Supplemental Table S3 ). These reductions are almost identical to the values presented by Greacen et al. (1968) . Penetration force was highly correlated (R 2 = 0.75) with root elongation rate, following a negative power law function (Fig. 5) . We are aware that the reported penetration forces and stresses may differ from the actually occurring values. In this study, the radial stress of cavity expansion (s r ) was assumed to be the same for the steel cone and root tip despite their differing diameters. Furthermore, the different penetration rates of roots (0.004-0.02 mm min 21 ) and the cone penetrometer (4 mm min 21 ) might further influence penetration forces and stresses . However, the penetration forces and stresses as calculated in this study are within the range of previously reported results for different plant species (Misra et al., 1986; Bengough and McKenzie, 1997; Iijima et al., 2003b; Azam et al., 2013; Bizet et al., 2016) . . Different letters indicate significant differences using Tukey's honestly significant difference test at P , 0.05. Asterisks denote significant regression at P , 0.01 (**).
It has been argued that root diameter is a crucial trait for root growth in compacted soil, since thick roots may reduce penetration stress and prevent the buckling of roots (Materechera et al., 1992; Chimungu et al., 2015) . In this study, genotypic differences in root diameters (Table I) were not related to root elongation rate (Fig. 3) or penetration stress (Supplemental Fig. S4 ), and root buckling was not observed. As observed for different small-grain cereals in previous studies (Barraclough and Weir, 1988; Materechera et al., 1992; Grzesiak et al., 2013; Hernandez-Ramirez et al., 2014; Colombi and Walter, 2016) , root diameters of 2-d-old seedlings increased with increasing soil bulk density (Table I) . However, the data obtained from our study strongly suggest that this acclimation of root morphology to increased soil strength was limited by a maximum root diameter. This limitation was observed when comparing root thickening in response to increased bulk density between embryonic and postembryonic roots, which was determined in 23-d-old plants (Fig. 6) . In embryonic roots, average root cross-sectional area increased clearly with increasing soil bulk density (Table  III) . In postembryonic roots, which are inherently thicker than embryonic roots, this response was much less pronounced and root cross-sectional area was similar under moderate and high soil bulk density (Table III) . The same conclusions were reached on examining the regression between root tip penetration force and root diameter (Fig. 5 ). This relationship closely followed an exponential function that asymptotically converged to an upper limit (R 2 = 0.90), which may be interpreted as a maximum root diameter. It is worth noting that this upper limit, which was 0.78 mm, corresponded to the diameter calculated from the observed average cross-sectional area of embryonic and postembryonic roots under high bulk density (Table  III) . To our knowledge, such saturation of phenotypic or physiological adjustment in response to soil physical stress has not been reported previously. The saturation of phenotypic or physiological adjustment has been observed for root exudation in response to increasing aluminum toxicity (Pellet et al., 1995; Li et al., 2000) and for the activity of antioxidative enzymes with increasing shoot manganese concentrations (de la Luz Mora et al., 2009). The limitation of root thickening as observed in this study can be most likely explained by root surface-to-volume ratio, which is critical for nutrient and water uptake (Varney and Canny, 1993; Casper and Jackson, 1997) . A further increase in root diameter would probably have resulted in root surface-tovolume ratios being too low for an adequate supply of water and nutrients. The finding that there was no significant adjustment of root tip shape in response to increased bulk density (Table I) is a further indication of the limited potential of roots to adjust to increased soil strength.
Results from previous studies suggest that the metabolic costs of root elongation increase with increasing soil strength due to lower root length-to-volume ratios (Atwell, 1990b) and due to increased root meristem activity and cell detachment rate at the root cap (Iijima et al., 2003a) . The results from this study support these findings, since root diameter and root tip size (Table I) were increased in response to increased soil strength. Furthermore, root anatomical properties indicated that plants seek to counterbalance the increased energy demand by altering the anatomy of the root cortex. As shown before (Atwell, 1990a; Colombi and Walter, 2016) , high soil strength led to an increased abundance of root cortical aerenchyma and increased cortical cell diameter (Table III) . A high abundance of aerenchyma, accelerated cortical senescence, and large cortical cells enable the plant to reduce the metabolic costs of soil exploration Saengwilai et al., 2014; Schneider et al., 2017) , which may fuel root growth under conditions of abiotic stress such as increased soil strength. In these and this study, root anatomy was determined near the root base, whereas mechanical stress is perceived primarily at the root tip (Kirby and Bengough, 2002) . Therefore, these root anatomical properties cannot be related directly to the energy that is required for root penetration but rather to the energy that is consumed in the already grown root. However, it has been shown that the penetration stress relates to the energy requirements of soil penetration (Ruiz et al., 2015) . Taking into account the influence of root tip shape on the form of cavity expansion and the resulting penetration stress (Greacen et al., 1968; Ruiz et al., 2016) strongly suggests that the root tip shape governs not only the root elongation rate but also the energy needed for root elongation in soils of increased strength. Therefore, root tips with a small radius-tolength ratio are a promising target trait that can be integrated into plant breeding programs aiming to develop crop cultivars that can better explore soils of increased strength at low metabolic costs.
CONCLUSION
In this study, it was shown that the shape of the root tip in wheat is a pivotal trait determining genotypic root elongation rate in soil of increased strength. Combining information about the geometry of the root tip with cone penetrometer measurements and cavity expansion theory enabled us to relate the root elongation rate with root tip geometry. A small root tip radiusto-length ratio resulted in lower penetration forces and stresses due to a more cylindrical form of cavity expansion. Roots could only partially adjust to increased mechanical impedance, since root tips of a certain genotype did not become more acute with increasing soil strength and root thickening was limited. Hence, the geometry of the root tip and the resulting penetration forces and stresses must be taken into account when selecting for crop varieties that tolerate high-strength soils. Future studies could investigate how synergistic effects between root tip geometry, root hairs, and the allocation of photoassimilates to roots relate to root growth in soils of increased strength.
MATERIALS AND METHODS

Soil Physical Conditions, Plant Material, and Growth Conditions
The soil used was homogenized and sieved field soil (2 mm) that was excavated from the top 15 cm of an agricultural field at Agroscope Zurich (8°319E, 47°279N, 443 m above sea level). The soil is classified as a Pseudogleyed Cambisol with a topsoil pH (CaCl 2 ) of 6.9. The textural composition is 25% clay, 50% silt, and 25% sand, and the organic carbon content in the topsoil is 1.7%. After sieving, the soil was stored at 3°C until further use. Different levels of soil mechanical impedance were achieved by different packing densities. The soil was packed in six layers of 2 cm height into PVC columns of 4.9 cm diameter and 15 cm height to low (1.3 g cm 23 ), moderate (1.45 g cm 23 ), and high (1.6 g cm 23 ) soil bulk density. The surface of each layer was slightly abraded to ensure homogenous packing. In addition, four soil cores of 5.1 cm diameter and 5 cm height per soil bulk density treatment were packed in 1-cm layers and slowly saturated from below. They were equilibrated on a ceramic plate to determine gravimetric water content at 2100 hPa suction potential, which is commonly taken to represent field capacity (Schjonning and Rasmussen, 2000) . Soil mechanical impedance was measured by two individual cone penetrometer insertions into the center of the bottom of these soil cores at an insertion speed of 4 mm min 21 . The steel cone used (2.5 mm radius, 4.33 mm length, semiopening angle of 30°) had a recessed shaft and was connected to a force transducer (LC 703; Omega Engineering). To calculate the mean penetration force, values from the point at which the cone was fully inserted into the soil to 1.5 cm penetration depth were averaged (;650 force measurements). Experiments were conducted with 14 Swiss winter wheat (Triticum aestivum) cultivars released from public breeding programs between 1910 and 2010 (Supplemental Table S4 ). The plants were grown in a growth chamber at 63% relative humidity and an average temperature of 21.4°C with a day/night cycle of 14/10 h. Incident light was 510 (SD = 33) mmol s 21 m 22 , and soil moisture was kept constant at a gravimetric water content corresponding to 2100 hPa by daily weighing and watering during the duration of the experiments. To have a measure for initial carbon reserves of each cultivar, 200 seeds were dried at 60°C for 48 h and weighed.
Experiment 1: Root Tip Geometry, Morphology, and Root Elongation Rate
Root Growth and Image Acquisition
Seeds were pregerminated at 25°C for 48 h. For each soil bulk densitygenotype combination, four seeds of similar size in which the tip of the first embryonic roots were just visible were selected. They were placed with the emerging roots facing downward into a small pit of around 5 mm height and 3 mm diameter pinched out from the soil and then covered with loose soil (1 g cm 23 ). To ensure that roots were penetrating the soil and to avoid artifacts of root pull-out effects, the soil columns were covered with cotton tissue and a perforated steel plate. Limiting the growth period to 48 h ensured that root growth was only fueled by seed-derived carbon, as shoots did not yet emerge at the soil surface. After this period, roots were washed out from the soil, and for each treatment level, six individual roots, which were not touching the border of the PVC column, were selected, fixed in acetic formaldehyde:alcohol:acetic acid:distilled water (10:50:5:35), and stored at 3°C. The roots were scanned in a flatbed scanner (Epson Expression 11000 XL; Seiko Epson) at a resolution of 2,400 dpi, resulting in a pixel edge length of 10.6 mm.
Image Processing
Root tip geometry was analyzed using a novel tool called ROSTA, which was programmed in a MatLab 2016a environment (Mathworks). In ROSTA, regions of interest containing single root tips are selected manually from the scans obtained, while subsequent steps run completely automatically. Using the method of Otsu (1979) , root tips were segmented from the background, and the perimeter of the root tip was recognized. The root tip perimeter was then refined by applying an active contour on the gray value gradient as a feature map (inspired by Blake and Isard, 1998) , and an ellipse was fitted on the refined root tip boundary. To do so, the boundary point closest to the best-fit line was taken as the initial point, around which 25 points in both directions along the root tip perimeter were taken into account for a first fit of the ellipse. The second and final fit of the ellipse was based on all boundary points located in the half of the ellipse facing the root tip (Mitchell, 2008) . Root tip length and root tip radius were then determined as the semimajor and semiminor axes of the ellipse, respectively (Fig. 1) . Root length and root diameter were measured manually in ImageJ version 1.50b (National Institutes of Health). Root shaft diameter was measured at three random positions along the root and averaged. Since the root tip diameter was slightly smaller than the diameter along the root shaft, root volume was calculated using the average of the three manual diameter measurements along the root.
Calculation of Root Penetration Force and Stress
The total axial force measured with a cone penetrometer (F ZC ) is composed of a radial cavity expansion term and a tangential friction term (Greacen et al., 1968; Mullins, 1990, 1991; Ruiz et al., 2016) . Based on cavity expansion theory, Ruiz et al. (2016) showed that the radial force exerted by the cone (F r C ) can be calculated as:
where r C is the radius at the cone basis, a C is the semiapex angle of the cone, and s r is the radial stress. The frictionless axial force (F z C ), or cavity expansion term, is then:
To calculate the total axial force for the cone (F Z C ), the frictional force (F f,z C ) between the cone surface and the soil has to be considered, yielding (Ruiz et al., 2016) :
where m C , r C , and l C represent the interfacial friction coefficient, the base radius, and the length of the cone, respectively. The radial stress (s r ) is then readily calculated as:
Assuming a conical shape of the root tip, the total axial force of the root tip (F Z Rc ) is:
where r R and l R represent the base radius and the length of the root tip, respectively. Substituting Equation 4 into Equation 5 allows calculating the total axial penetration force exerted by a root tip during soil penetration under the assumption of a conical shape (F Z Rc ) as a function of cone penetrometer force (F Z C ):
For a spheroid shape of the root tip, Equation 5 needs to be modified slightly. The shape factor of an elliptical half-spheroid was used in a previous study to account for the spheroid shape (McKenzie et al., 2013) . For the total axial force of a spheroid root tip shape (F Z Rs ), the following applies:
Substituting Equation 4 into Equation 7 allows estimation of the total axial penetration force exerted by a root tip during soil penetration under the assumption of a spheroid shape (F Z Rs ) as a function of cone penetrometer force (F Z C ):
For our calculations, we used a coefficient of friction at the root-soil interface (m R ) of 0.1, which is suggested to be typical for boundary lubricants (Hutchings, 1992) , and a metal-soil friction coefficient (m C ) of 0.5 . Root penetration stress for a conical (S Rc ) and spheroid (S Rs ) root tip shape was then calculated by dividing axial root force by root tip base area (pr R 2 ):
It has been shown that the geometry of a cone or a root tip affects root penetration force and stress due to the differences in cavity form (Iijima et al., 2003b; Vollsnes et al., 2010; Ruiz et al., 2016) . If the tip radius-to-length ratio of a root tip or a cone increases, the soil deformation pattern changes from cylindrical to spherical; thus, soil deformation at the front of the tip or cone increases (Vollsnes et al., 2010; Ruiz et al., 2016) . Greacen et al. (1968) showed that expansion of a cylindrical cavity (i.e. small tip radius-to-length ratio) requires only 25% to 40% of the pressure required to expand a spherical cavity (i.e. large tip radius-to-length ratio) of the same diameter. The radius-to-length ratio of the cone used in the study was 0.58, whereas for roots, the average tip radius-to-length ratio was 0.23 (Table I) . Furthermore, the root tip radius-to-length ratio varied considerably between the different genotypes assessed (Supplemental Fig. S1 ). To include the effect of the different geometries between the cone and the root tips, as well as among the root tips of the different genotypes, we included a factor (GF) into our calculations of penetration forces and stresses. Based on the radius and length of the steel cone and the root tip, the GF for a conical (GF cone ) and spheroid (GF spheroid ) root tip was calculated as:
and
where iSF cone and iSF spheroid represent the inverse shape factor of a conical and spheroid root tip geometry, respectively.
Experiment 2: Root Anatomy of Embryonic and Postembryonic Roots
Four individual pregerminated seeds (25°C, 48 h) of similar size for each treatment combination were selected and grown for 23 d under the conditions described above. After 23 d, roots were washed out from the soil, and 20-mm-long root samples were taken 3 cm from the root base for anatomical measurements. It was ensured that the sampled root segments were taken from the bulk soil and not at the column wall. Root anatomy was investigated in seed-borne roots and nodal roots from the first whorl, which represent embryonic and postembryonic roots, respectively. The samples were fixed and stored in acetic formaldehyde:alcohol: acetic acid:distilled water (10:50:5:35) at 3°C until further analysis. Root cross sections of around 150 mm thickness were cut manually with a razor blade and stained with Toluidine Blue (0.25% in distilled water) for 1 min. Cross sections were imaged using a one-megapixel camera (Olympus XC10; Olympus) connected to a bright-field microscope (Olympus AX70; Olympus). The cross-sectional area of the root, the cortex, and the stele, the area of the cortex occupied with aerenchyma, as well as the cortical cell file number were assessed in ImageJ 1.50b. Furthermore, cortical cell diameter was determined for typical cortical cells (i.e. excluding epidermal and endodermal cells). To do so, the diameter of three individual cells from different cell files was measured in the radial direction. genotype on root traits. Treatment means were compared using Tukey's honestly significant difference test at P , 0.05. Broad-sense heritability for root traits from experiment 1 was calculated to assess the genotypic variability among the cultivars. Genotypic variance was obtained from linear mixed models using the lme4 package (Bates et al., 2015) , with bulk density and replicate as fixed factors and genotype and genotype-bulk density interaction as random factors. Mean-based heritability was calculated as proposed by Hallauer and Miranda (1981) p represent genotypic and phenotypic variance, respectively, s 2 g3bd denotes the variance covered by the genotype-bulk density interaction, and bd and r represent the number of bulk density levels and replications, respectively. Analysis of covariance models based on treatment-level means were used to determine whether root diameter or root tip geometry significantly influenced root growth. Nonlinear regressions were performed based on treatment level means with the nonlinear least square method (nls) provided by the R package stats.
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